Black phosphorus (BP) has recently emerged as a promising two-dimensional direct bandgap semiconducting material. Here, we report the fabrication and the electrical transport measurements of the black phosphorus based field-effect transistor with the Au/Co/MgO as drain and source tunneling contacts. By modulating the back-gate voltage, the multilayer black phosphorus channel exhibits ambipolar characteristics (both n-type and p-type) and the conduction behavior can be switched from hole dominated to electron dominated transport region. In the hole dominated region, we have measured a minimum of Schottky barrier height of 37 meV for Au/Co/MgO contact on BP. Moreover, the transistor ON/OFF (I on /I off ) ratio is obtained as large as 10 7 at 20 K and 10 5 at 300 K. A systematic study of the temperature and the back-gate voltage dependent conduction properties has been performed to understand the modulation of band structure and the ambipolar behavior. The demonstration of high ON/OFF ratio and low Schottky barrier height by using Au/Co/MgO tunneling contacts reveals a promising potential for spintronics applications with multilayer black phosphorus field-effect transistor. Published by AIP Publishing.
I. INTRODUCTION
Two-dimensional (2D) materials with atomic thickness have been recently unveiled as an important family of materials in physics and materials science. [1] [2] [3] [4] [5] [6] [7] [8] [9] Since the discovery of graphene in 2004, 1 a fair amount of research has been dedicated to fabricate other thin layer 2D materials, for examples of boron nitride 10 and transition metal dichalcogenides (TMDs) materials. [3] [4] [5] [6] [7] [8] [9] The understanding of physics and material characteristics of 2D materials leads to the possibility of many applications, such as transistors, 7, 9 optoelectronics, 11 sensors, 12 photovoltaics, 13 medicine, 14 and energy storage. 15 In the 2D material family, graphene is known as a semiconductor with zero bandgap. Despite its high mobility, the graphene is not suitable to be used as field-effect transistors (FETs) 1,2 due to the zero bandgap. Another 2D material is boron nitride, which is an insulator and can be used as a tunnel barrier in 2D-heterostructure device to improve the physical properties. 10 Besides the above two types of 2D materials, TMDs such as MoS 2 , WSe 2 , and MoSe 2 have semiconducting properties and can play the role of drain-source channel in FETs, but their mobility is relatively low. [3] [4] [5] [6] [7] [8] [9] Recently, black phosphorus (BP) has attracted a large amount of attention and emerged as an important 2D material due to its interesting physics properties. [16] [17] [18] [19] [20] [21] [22] [23] [24] The BP has a layer stacked structure by van der Waals interactions. The monolayer (ML) BP has a direct bandgap of about 2 eV. For multilayer BP, the band gap decreases with the increase of number of layers, changing from 2 eV (ML) to about 0.3 eV (bulk). This provides a wide range of tunability of bandgap for the multilayer BP. 16 In addition, BP has a larger carrier mobility (highest values up to $1000 cm 2 V À1 s À1 at room temperature) 18 compared to TMDs, which is better to serve as channel for FET applications. Moreover, by using BP as channel, the FET with ambipolar modulated behavior (both n-type and p-type) can be realized. [17] [18] [19] [20] [21] Recently, spin transport experiments have also been demonstrated in ultrathin multilayer BP based non-local spin valve structures. 22 A long spin diffusion length (>2.5 lm) was measured owing to the high mobility and low spin-orbit coupling properties of BP. Therefore, great efforts have been carried out to push the BP based devices towards application in nano-electronics, 17, 19 optoelectronics, 20, 21 FETs, 18 and spintronics. 22 In this work, we have fabricated the BP based FETs with Au/Co/MgO tunneling contacts and systematically studied the transport properties as a function of back-gate voltage and temperature. The ambipolar characteristics (both n-type and p-type) in multilayer BP has been observed with a high ON/OFF ratio as large as 10 7 . The Schottky barrier height is measured as low as 37 meV for Au/Co/MgO contact on BP. The high ON/OFF ratio and low Schottky barrier height demonstrate that BP has a promising potential for future FET and spintronics applications.
II. EXPERIMENT
Figure 1(a) shows the optical image of our BP based FET device. First, a flake of multilayer BP was mechanically exfoliated onto a Si(n þþ )/SiO 2 (280 nm) substrate as the FET channel. The thickness of this flake was measured by an atomic force microscopy (AFM) to be about 7 nm [inset of Fig. 1(a) electrodes with a width of 500 nm on the selected flake. The distance between each electrode is about 450 nm. Then the sample was introduced into a molecular beam epitaxy (MBE) system to deposit the ferromagnetic (FM) electrodes as drain and source tunneling contacts, which consists of Au(10 nm)/Co(10 nm)/MgO(2 nm). The 2 nm MgO is used as a tunnel barrier between metals and BP to effectively reduce the contact Schottky barrier height. 25 After deposition and lift-off procedures, a second e-beam lithography was performed to define the large pads for electrical connection. Au(190 nm)/Ti(10 nm) was thermally evaporated in a PLASSYS MEB400s system for the large pads. Finally, the device was annealed at 120 C for one hour in vacuum and then followed by the coverage of 10 nm MgO protection layer. Figure 1(b) shows the schematic of electric characterization of BP based transistor. A drain-source bias (V ds ) was applied between the two contacts to inject the current I ds through the BP channel. Meanwhile, a back-gate voltage (V g ) was applied between the substrate and one electrode to modulate the carrier density in the BP channel.
III. RESULTS AND DISCUSSIONS
A. Drain-source current-voltage (I ds 2V ds ) characteristics
The two-terminal drain-source current-voltage characteristics (I ds -V ds ) were studied at 20 K between the electrodes E1 and E2 with negative and positive back-gate voltages [Figs. 1(c) and 1(d), respectively]. From the measurement of I ds ÀV ds , the back-gate voltages show an efficient modulation on the I ds , which indicates the field-effect transistor behavior. At V g ¼ 0 V, the current density is rather low (I ds <1 pA at V ds ¼ 61 V). As soon as we applied a negative or positive back-gate voltage V g , the I ds -V ds characteristics dramatically change. The quasi-symmetric nonlinearity of I ds -V ds is attributed to the back-to-back Schottky diode structures of the device, which is induced by the Schottky contacts of Co/ MgO on BP [inset of Figs. 1(c) and 1(d)]. It is found that applying negative V g can get much higher current density than that with positive V g . Under a negative back-gate voltage of V g ¼ À80 V, I ds can reach 80 lA at V ds ¼ 61 V, while there is about 0.02 lA at V ds ¼ 61 V under a positive backgate voltage of V g ¼ þ80 V. In fact, at different V g , the transport mechanism is different since V g can effectively modulate the Fermi level (E F ) inside the bandgap of BP. Under the negative back-gate voltage, the E F is attracted to be close to the energy of valence band maximum (E V ) of BP, resulting in the hole conduction transport. However, under positive back-gate voltage, the E F is pushed close to the energy of conduction band minimum (E C ) of BP, resulting in the electron conduction transport. The larger conductivity for hole transport region indicates a higher carrier density in BP for hole transport, which means that the E F in our BP covered with MgO should be much closer to E V than E C at zero V g .
B. Field-effect transistor (I ds 2V g ) characteristics
The field-effect transistor characteristics were measured from the I ds vs. V g curves at different temperature, as shown in Fig. 2(a) . The asymmetric ambipolar behavior can be observed in all investigated temperature region. At large negative back-gate voltage (V g ¼ À80 V) when hole transport is dominated, the temperature dependence is not evident with V ds ¼ À1 V. However, at a large positive back-gate voltage (V g ¼ þ80 V) when electron transport is dominated, the conductance with V ds ¼ À1 V can be changed more than one order from 20 K to 300 K. Since the variation of mobility with temperature is small with V ds ¼ À1 V (see below), the different temperature dependent conductance mainly reflects different carrier densities in the p-type and n-type transport region. If assuming that the carrier density in BP follows the thermal activation rule in the intrinsic semiconductor, the ) is the intrinsic carrier density, and E i is the intrinsic Fermi energy. m n , m p ; and, m 0 are the electron mass in E C , the hole mass in E V, and the free electron mass, respectively. This can easily explain that the larger E i À E F j j results in higher carrier density when increasing V g . In addition, the ratio of carrier density between 300 K and 20 K can be expressed as pð300KÞ=pð20KÞ ¼ ð for electron transport region. This explains that the carrier density is more sensitive to the temperature variation when
is smaller under positive V g in the n-type transport region.
C. Temperature dependent channel mobility
The effective field-effect mobility can be extracted from the slope of dI ds /dV g from the I ds -V g curves, as shown in Fig. 2(b) ,
where L is the length of the channel (450 nm), w is the width of the channel (2.9 lm), and C i is the gate capacitance [1.3 Â 10 À4 Fm À2 for Si/SiO 2 (280 nm) substrate]. The effective field-effect mobility is found to increase under negative V g [ Fig. 2(c) ]. At 20 K, with V ds ¼ À1 V and V g ¼ À80 V, we can obtain a mobility of l eff $38 cm 2 V À1 s
À1
. This value is lower than the previously reported values, which could be due to the scattering related to the charged impurities at BP/substrate interface at low temperature. 22 The enhancement of mobility with the increase of V g as well as the carrier density is due to the shielding effect of carrier to the Coulomb scattering from the charged impurities, 26 which has also been observed in MoS 2 based FET system. 9 Figure 2(c) displays the variation of l eff with temperature measured under different V g . It is interesting to find that there exist two distinct temperature dependences. l eff decreases with the increasing T when V g < À50 V, while it increases with T when V g > À50 V. For V g < À50 V, l eff decreases faster when T > 200 K, which is due to the carrier-phonon scattering at higher temperature. 27 This can be expressed as l $ T Àa , the exponent a is fitted to be 1.27 and 1.21, and 0.91 for the data at V g ¼À60 V, À70 V and À80 V, respectively. For atomically thin 2D materials, the exponent a is reported to be $1.69 for MoS 2 , 27 and between 1 and 6 for graphene. [28] [29] [30] Below 200 K, the slower decrease of l suggests an impurity-dominated scattering mechanism. 18 For V g > À50 V when E F moves far away from E V , l increases monotonically with the increase of T. This behavior means that when the carrier density is very low, the mobility is only limited by the scattering from the charged impurities. contacts, 21 10 5 with Au/Pd/Ti/BP contacts, 20 and 10 6 with Co/TiO 2 /BP contacts. 24 This high I on /I off ratio provides promising device characteristics for future applications. Figure 2(d) shows the temperature dependent I on /I off behavior. For the holes dominated FET, the I on /I off increases with the decrease of temperature. Since I on has little change with temperature, the improvement of I on /I off at low temperature is mainly attributed to the reduction in I off current. When T > 200 K, the I off current (at V g $ 0 V) is mainly dominated by the thermionic injection through Schottky barrier, which is proportional to exp(ÀqU B /k B T), 31 where k B is the Boltzmann constant and U B is Schottky barrier height [see also below for Eq. (2)]. Thus, the slope of ÀqU B /k B can be extracted from a linear fitting of ln(I on /I off ) versus 1/T, as shown in the insert of Fig.  2(d) . The slope obtained from 300 K to 200 K leads to a Schottky barrier height U B of 270 meV at V g ¼ 0 V. Moreover, both for hole and electron transport regions, the I on /I off do not improve too much when the temperature is below 200 K. This could be due to the presence of tunneling through defect states inside the MgO tunnel barrier. 32 This phenomenon has also been observed in both carbon nanotube 33 and graphene nanoribbon transistors.
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E. Determination of Schottky barrier height
In order to extract the Schottky barrier height (U B ) of Au/Co/MgO contact on BP [inset of Fig. 3(a) ] and understand the effect of V g on U B , we have measured the I ds -V ds characteristics with different V g from 140 K to 200 K [ Fig.  3(a) ]. In this temperature range, the thermionic emission transport mechanism through the Schottky barrier can be mainly considered. We have employed a two-dimensional thermionic emission equation describing the electrical transport through the Schottky barrier into the BP channel,
where A is the contact area, A* is the Richardson constant, q is the hole charge, and n 0 is the ideality factor. Figure 3(b) shows the Arrhenius plot [ln(I ds /T À3/2
) vs. 1000/T] for different V ds . The slopes S(V ds ) extracted from the Arrhenius plot follow a linear dependence with V ds : S(V ds ) ¼ À(q/1000k B )(U B ÀV ds /n 0 ), as displayed in Fig. 3(c) . Then the Schottky barrier height can be evaluated from the extrapolated value at zero V ds [S 0 ¼ À(qU B /1000k B )]. A similar procedure has been used to determine U B with different V g , as shown in Fig. 3(d) .
As shown in the inset of Fig. 3(d) , the back-gate mainly plays two roles. One is to modulate the Fermi level inside the BP bandgap yielding a change of the carrier density in the channel. The second role is to modify the Schottky barrier profile and depletion layer width. In Fig. 3(d) , we can identify two regions from the variation of U B vs. V g . For V g > À15 V when the depletion layer is thick, the thermionic emission dominates, and this results in a large linear increase of U B at low jV g j. Note here, the U B obtained at V g ¼ 0 V is $200 meV, which is in good agreement with the value of 270 meV estimated from I on /I off ratio at (50 meV). 24 The efficient lowing U B by inserting thin tunnel barrier between the ferromagnetic metal and 2D materials have also been reported in TMDs systems. 25, 37, 38 This result of low Schottky barrier by using Au/Co/MgO tunneling contact is important for future application of BP based FET and spintronics. Fig. 3(d) ]. In addition, due to the hole transport feature, the band structure can be schematically drawn as in Fig. 4(d) with a situation of E C À E F > E F À E V . For V g < À15 V, the depletion layer tilts the band down due to the E F pinning at the interface [ Fig. 4(c) ]. With the increase of negative V g , more hole can be injected into BP by crossing the depletion layer. For V g > À15 V, the depletion layer tilts the band up at the interface. However, it is not the case that the larger V g results in larger I ds . From Fig. 4(b) , we can see that when we increase V g from 0 to þ80 V, the I ds firstly decreases to a minimum at V g ¼ þ10 V and then increases with V g . This indicates that it is hard to inject both holes and electrons at V g ¼ þ10 V, which should correspond to the condition that E F is located in the middle of band (E C À E F ¼ E F À E V ), as shown in Fig. 4(f) . When continuing with the increasing V g , both the E F moving closer to E C and the width of depletion region becoming thinner make the conditions favorable for the electron injection into the BP conduction band [ Fig. 4(g) ]. Finally, at zero back-gate voltage, the BP shows a hole transport behavior (E C À E F > E F À E V ), while the depletion layer tilts up [ Fig. 4(e) ]. This could be related to the defects in the contact regions, which effectively pin the Fermi level at MgO/BP interface.
IV. CONCLUSION
In summary, we have studied the electrical transport properties in multilayer BP based FET device with Au/Co/ MgO tunneling contacts. In the hole dominated transport region, we have measured a minimum of Schottky barrier height of 37 meV for Au/Co/MgO contact on BP. Moreover, the transistor ON/OFF (I on /I off ) ratio is obtained as large as 10 7 at 20 K and 10 5 at 300 K. A systematic study of the temperature and back-gate voltage dependent conduction measurements has been performed to understand the modulation of the band structure and the ambipolar behavior. This demonstration of high ON/OFF ratio and low Schottky barrier height by using Au/Co/MgO tunneling contacts reveal a great potential promising for spintronics applications with multilayer black phosphorus field effect transistor.
